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Reporting in Developmental Cell, Stephan et al. (2015) demonstrate critical axonal and presynaptic functions
from acquisition of an enormous exon by the Drosophila ank2 gene. They propose that highly elongated
ank2-XL molecules, associated with the plasma membrane through spectrin and ank2-L, extend deep into
the axoplasm to promote microtubule organization.The diversification of animals on geolog-
ical timescales is often assumed to derive
primarily from gene duplication events
combined with small variations in DNA
sequence, particularly in regulatory ele-
ments, rather than creation of new genes
with novel functions (Carroll, 2008). How-
ever, abundant examples exist for
modular proteins formed through intronic
recombination, also referred to as exon
shuffling, and this process has been pro-
posed to play important roles inmetazoan
evolution (Patthy, 1999). In this issue
of Developmental Cell, Stephan et al.
(2015) now demonstrate critical axonal
and presynaptic functions resulting from
the acquisition, at the 30 end of the
Drosophila melanogaster ankyrin 2 gene,
of a single enormous exon encoding
9,240 amino acids (aa). Interestingly, a
conceptually similar giant vertebrate an-
kyrin, 480 kDa ankyrin-G, also has a giant
exon that is expressed only in the nervous
system and is required for ankyrin-G’s
role as the master organizer of axon initial
segments (Jenkins et al., 2015). However,
the giant exon of 480-kDa ankyrin-G was
inserted at an internal site rather than the
30 end of the gene and is unrelated in
sequence to Drosophila ank2. Together,
these reports provide strong evidence
for ankyrins with specialized roles in
axons that evolved in parallel and inde-
pendently in arthropod and vertebrate
lineages through acquisition of giant
exons, and they suggest that the creation
of modular proteins with new functions
may be more frequent than commonly
supposed.
Canonical ankyrins are located at cyto-
plasmic surfaces of many plasma mem-brane domains, where they couple
diverse cell-adhesion molecules and ion
transporters to the spectrin-based mem-
brane skeleton through their ANK repeats
and spectrin-binding activities (Bennett
and Lorenzo, 2013) (Figure 1). The story
of giant Drosophila ankyrins began with
two independent forward genetic screens
searching for mutations affecting forma-
tion and stability of presynaptic com-
ponents of the neuromuscular junction
(Koch et al., 2008; Pielage et al., 2008).
These studies resolved two new ank2
transcripts, encoding polypeptides of
4,083 aa (ank2-large, ank2-L) and 11,640
aa (ank2-extra large, ank2-XL) (Figure 1).
The Ank2-XL polypeptide contains an
additional 9,240 aa at its C terminus
encoded by a single 27,720-bp exon,
whereas Ank2-L has a distinct C terminus
comprised of 1,683 aa encoded by a large
principal exon plus several smaller exons.
Most investigators would have been
intimidated by a gene encoding a nearly-
1,300-kDa polypeptide as well as numer-
ous additional polypeptides arising from
alternative splicing (ank2-XL is isoform
AA because other isoforms have con-
sumed all letters of the alphabet). How-
ever, the Pielage and Aberle groups
were undaunted and have now completed
an impressive analysis of functions of
ank2-XL that are required for proper orga-
nization of axonal microtubules and the
beads-on-a-string morphology of the fly
neuromuscular junction (Stephan et al.,
2015). These investigators first estab-
lished a hierarchy required for organi-
zation of axonal microtubules where
ank2-L, which is localized through spec-
trin to axonal membrane sites (PielageDevelopmentalet al., 2008), operates upstream of ank2-
XL, and ank2-XL functions synergistically
with the microtubule-associated pro-
tein Map1b/Futch. Using a Pacman-
based genomic rescue approach with
constructs encompassing the entire 82
kb ank2 gene, they further identified a
C-terminal domain unique to ank2-XL
that binds to microtubules and is required
for a grid-like spacing of microtubules in
cross-sections of axons. They also pre-
sent evidence that the 93 tandem repeats
of a 76-residuemotif located in themiddle
of the giant exon sequence likely function
as a molecular spacer that separates the
C-terminal microtubule-binding domain
from ANK repeats and spectrin-binding
domain, which are attached to the plasma
membrane. Together, these experiments
suggest amodel wherein highly elongated
ank2-XL molecules associated with the
axonal plasma membrane extend deep
into the axoplasm to tether microtubules
and prevent their collapse due to Map1b
crosslinking.
Giant axonal ankyrins are not unique to
Drosophila. They have been reported
in C. elegans (the single-worm ankyrin
termed Unc-44 for its role in axon guid-
ance), as well as in vertebrates (ankyrin-B
and ankyrin-G, products of Ank2 and
Ank3 genes, respectively) (Bennett and
Lorenzo, 2013). Several considerations
favor the interpretation that these giant
ankyrins are not related by descent from
a common ancestor but instead individu-
ally achieved their large size through
separate acquisition of exons encoding
polypeptides that are extended but other-
wise unrelated in primary sequence.
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Figure 1. Domain Structures of Giant Ankyrins
Giant exons (rectangles) have no homology to each other and are in different locations in vertebrate and
Drosophila genes, with respect to the rest of the ankyrin molecule.
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genes with recognizable giant exons.
Moreover, while core ankyrin domains
are highly conserved, there is little seq-
uence similarity between the extended
regions found in Drosophila, C. elegans,
and vertebrate giant ankyrin spliced vari-
ants. This lack of conservation is unlikely
to be due to accelerated divergence,
because the large exons of vertebrate
ankyrin-G and ankyrin-B have retained
substantial similarity over 450 million
years. In contrast to Drosophila ank2,
Drosophila ank1 does not contain a
comparable 30 exon. Similarly, vertebrate
Ank1 also does not have a giant exon.
Thus, Drosophila ank2 and vertebrate
Ank2/3 likely independently acquired their
exons only following duplication of their
ancestral ankyrin genes. Finally, giant
exons of vertebrate andDrosophila ankyr-
ins are inserted at different sites within
their genes. Vertebrate giant exons are
located internally in both ankyrin-B and
ankyrin-G polypeptides between their
UPA and Death domains, while in
Drosophila ank2 the acquired exons are2 Developmental Cell 33, April 6, 2015 ª2015located external to the Death domain
and are placed at the 30 ends.
By Sherlock Holmes’s maxim, when
you have eliminated the impossible (or
extremely improbable), whatever remains
must be the truth. In this instance, the sur-
prising conclusion is that axonal ankyrins
have independently acquired extended
sequences encoded by giant exons multi-
ple times in metazoan evolution. An impli-
cation is that the physical characteristic(s)
shared by myelinated vertebrate and
unmyelinated invertebrate axons created
a molecular niche in which ankyrins with
extended domains would be subject to
positive selection. An example of such a
shared axonal feature would be a require-
ment to maintain separation of microtu-
bules in order to facilitate long-range
transport of organelles without traffic
jams. Ankyrins, as membrane-associated
proteins with microtubule-binding activity
(Bennett and Lorenzo, 2013), are well
suited for such a role, provided they also
can acquire an extended length. Thus, a
physiological need for organelle-sized
gaps and regular spacing between micro-Elsevier Inc.tubules to facilitate axonal transport could
have arisen first and then have been fol-
lowed by positive selection for highly
extended proteins with both membrane-
and microtubule-binding capabilities.
Finally, the example of independently
evolved giant ankyrins emphasizes the
perhaps underappreciated creative po-
tential of evolution through natural selec-
tion. It is instructive in this regard that
Ctenophores (comb jellyfish), which pre-
date sponges as the most basal group
of metazoans, independently evolved a
nervous system while lacking many bilat-
erian neural-specific genes (Moroz et al.,
2014). It will be of interest to determine
how Ctenophores, as well as other organ-
isms lacking giant ankyrins, have solved
the problems of microtubule organization
and long-range organelle transport in their
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